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ABSTRACT
Articially engineered two-dimensional materials, which are widely known as
metasurfaces, are employed as ground planes in various antenna applications. Due to
their nature to exhibit desirable electromagnetic behavior, they are also used to design
waveguiding structures, absorbers, frequency selective surfaces, angular-independent
surfaces, etc. Metasurfaces usually consist of electrically small conductive planar
patches arranged in a periodic array on a dielectric covered ground plane. Holographic
Articial Impedance Surfaces (HAISs) are one such metasurfaces that are capable of
forming a pencil beam in a desired direction, when excited with surface waves. HAISs
are inhomogeneous surfaces that are designed by modulating its surface impedance.
This surface impedance modulation creates a periodical discontinuity that enables a
part of the surface waves to leak out into the free space leading to far-eld radia-
tion. The surface impedance modulation is based on the holographic principle. This
dissertation is concentrated on designing HAISs with
 Desired polarization for the pencil beam
 Enhanced bandwidth
 Frequency scanning
 Conformity to curved surfaces
HAIS designs considered in this work include both one and two dimensional mod-
ulations. All the designs and analyses are supported by mathematical models and
HFSS simulations.
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Chapter 1
INTRODUCTION
Metasurfaces are articially engineered surfaces that are widely used in antenna
applications for dierent purposes. Due to their electromagnetic behavior they are
used as ground planes for radiating sources, waveguiding structures, absorbers, fre-
quency selective surfaces, polarizers etc. The metasurfaces are usually electrically
thin and their properties are determined by the conguration of periodically arranged
metallic patches on a dielectric plane that is grounded in some applications.
The metasurfaces that are used as ground planes inuence the radiation pattern,
input impedance, bandwidth and the resonant frequency of the radiating sources.
These ground planes are designed to achieve a desired reectivity that is not achieved
using a conventional PEC ground planes. For example High Impedance Surfaces
(HISs) can emulate a Perfect Magnetic Conductor (PMC) over its operational band-
width.
The surface impedance of the metasurface plays a vital role in their usage as
guiding structures that support the propagation of surface waves. The metasurfaces
are constructed by periodical repetitions of unit cells. The surface impedance of the
unit cells determine the electromagnetic behavior of the metasurface. In isotropic
and homogeneous metasurfaces such as High Impedance Surfaces (HISs), the unit
cells exhibit same electromagnetic behavior whereas inhomogeneous and anisotropic
metasurfaces like Tensor Impedance Surfaces (TISs) have unit cells that are geomet-
rically dierent from each other.
This dissertation introduces one such metasurface that is used as leaky wave an-
tenna. The metasurface is used as a guiding structure that leaks out electromagnetic
1
waves into the far-eld. The leaky wave behavior of this type of metasurface is facil-
itated by periodic modulation of its surface impedance using holographic technique.
1.1 Outline of the Dissertation
 Chapter 1 introduces homogeneous and inhomogeneous Articial Impedance
Surfaces (AISs). The surface impedance of the AIS is calculated with an equiv-
alent circuit model. The equivalent circuit demonstrates the dispersion behavior
of the AISs for the rst two fundamental surface wave modes.
 Chapter 2 addresses the structural alterations of the AIS to design a Leaky
Wave Antenna (LWA) using surface impedance modulation techniques. The
Articial Impedance Surfaces are homogeneous and are characterized by a sur-
face impedance at a given frequency. Inhomogeneity is incorporated into the
surfaces by varying the patch sizes at dierent locations to obtain a leaky wave
radiation which can be designed to radiate in a specic angleor direction to
form a metasurface leaky wave antenna.
 Chapter 3 demonstrates the usage of holography to construct a two-dimensional
LWA. A monopole is used as a source to excite cylindrical surface waves on the
HAIS which in turn radiates in the desired direction. The novelty of this work
includes the study of the frequency response of the HAIS, polarization control
mechanism and bandwidth enhancement of HAIS. Journal article \Design of
Scalar Impedance Holographic Metasurfaces for Antenna Beam Formation With
Desired Polarization" is referenced in this chapter.
 The modication of the holographic patterns based on the frequency response
to control the polarization of the radiated pencil beam is detailed in Chapter
4. Dierent regions of the holographic pattern are subjected to relative phase
2
changes of the sinusoidal modulation to achieve a desired polarization for the
radiated elds. Journal article \Design of Scalar Impedance Holographic Meta-
surfaces for Antenna Beam Formation With Desired Polarization" is referenced
in this chapter.
 Chapter 5 introduces the multiple layers to the metasurfaces to widen the band-
width of the LWA and to enhance its scanning capability. A comparative study
is made between a single-layered and multi-layered modulated metasurfaces
with the same surface impedance proles. It is shown that the multi-layered
metasurfaces exhibit higher bandwidth. A trade-o between gain and band-
width is achieved in the design. Journal article \Analysis of Wide Band Multi-
layered Sinusoidally Modulated Metasurface" is referenced in this chapter.
 Chapter 6 introduces the modeling of curvature in the design of modulated
metasurfaces. The reduction of antenna gain with the decrease in the radius of
curvature is illustrated using a lossy transmission line model. The curvature is
assumed along the direction of leaky waves propagation, with circumferential
modulation of the surface impedance. Journal article \Curvature Modeling in
Design of Circumferentially Modulated Cylindrical Metasurface LWA" is refer-
enced in this chapter.
 Chapter 7 discusses the conclusions from the research.
 Chapter 8 analyzes the scope of future research on metasurface leaky-wave
antennas.
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Chapter 2
ARTIFICIAL IMPEDANCE SURFACE: OVERVIEW
Articial Impedance Surfaces (AIS) are planar structures developed to have a spe-
cic surface impedance. This is accomplished by applying textures on the surface
of the ground plane. One of the most popular types of Articial Impedance sur-
face is the High Impedance Surface (HIS), designed by Sievenpiper [1], whose surface
impedance is very large. AIS can be used as antenna ground planes, Permanent
Magnetic Conductor (PMC), Electromagnetic Band Gap structures (EBG), electro-
magnetic absorber, Frequency Selective Surface (FSS) and for RCS reduction [2{20].
A typical Articial Impedance Surface has an array of identical patches placed on a
dielectric covered PEC, with equal spacing between them as shown in Fig. 2.1. The
center-to-center distance between the patches is referred to as the lattice constant.
In this research, AISs with periodic square patches are considered. A single ele-
ment of this structure is called the unit cell, and it is shown in Fig. 2.2. The AIS
is mainly characterized by a surface impedance, which is the ratio of the tangential
electric and magnetic elds at the surface. This type of surface can be designed to
have the desired surface impedance [21].
Like other dielectric surfaces, AISs support the propagation of slow surface waves.
Perfect Electric Conductors do not support these surface waves because they have
innite conductivity. These surface waves are time-varying radio frequency waves
which exist at an interface between two dierent materials and have a phase velocity
smaller than the speed of light in free space [22]. These waves are tightly bound
to the interface and attenuate in both the directions away from the interface, as
illustrated in Fig. 2.3. These surface waves are referred to as surface plasmons at
4
Figure 2.1: Articial Impedance Surface.
optical frequencies, but they are merely the surface current densities at microwave
frequencies [1]. These surface waves propagate in dierent modes; the congurations
of the TM and the TE modes are illustrated in Figs. 2.42.5.
For the TM modes, the magnetic eld is transverse to the direction of the sur-
face wave propagation. Similarly, the electric eld is transverse to the direction of
propagation for TE mode surface waves.
2.1 Modeling of AIS
An analytical model has been proposed in [23] for AIS with a dense array of
square patches on a grounded dielectric material. An analogy is made between the
AIS and a shorted transmission line in parallel with a lumped element, as shown in
Fig. 2.6. The dielectric covered PEC is modeled as a shorted transmission line with
its characteristic impedance equal to the intrinsic impedance of the dielectric medium
5
Figure 2.2: Unit Cell Simulation to Determine Surface Impedance.
Figure 2.3: Surface Waves along the Interface.
Figure 2.4: Polarization of the Surface Waves of TM Mode.
6
Figure 2.5: Polarization of the Surface Waves of TE Mode.
Figure 2.6: Analytical Model of AIS.
covering the PEC. The thickness of the dielectric material is equal to the length of the
transmission line. The eect of the patches embedded on the dielectric covered ground
plane is modeled as grid impedance which relates the average tangential electric eld
and the average surface current density induced on the surface ( ~Eavgtan = Zg ~J
avg).
The averaging is performed within a period of the patches. The expression for grid
impedance is derived in [24].
The grid impedance is considered to be in parallel with the shorted transmission
line, as aforementioned, to form the equivalent circuit of AIS; it varies with the angle
of incidence and polarization of the incident wave as indicated in the formulations
that follow.
7
The grid impedance for the array of patches is given by
ZTMg =
 jeff
2
(2.1)
ZTEg =
 jeff
2
 
1  k
2
0
k2eff
sin2 
2
! (2.2)
where TM and TE are assigned with respect to the direction of propagation of the
incident wave,  is the angle of incidence and  is referred to as the grid parameter
and is represented by
 =
keffD

ln
0@ 1
sin
w
2D

1A (2.3)
where D is the lattice constant, w is the gap between the square patches, keff =
k0
p
eff is the phase constant of the eective medium of both dielectric and free
space and k0 is the phase constant of free space. An eective medium is considered
to nd the grid parameter because the array of patches is located on the interface
between the dielectric medium and free space. The eective dielectric constant is
given by
eff =
r + 1
2
(2.4)
The surface impedance of the dielectric covered PEC for an oblique incidence is
expressed in a dyadic form as
Z 1i = Z
 1
g +
Z 1t (2.5)
where Zi is the surface impedance dyad of the AIS, Zg is the grid impedance of the
patches and Zt is the input impedance dyad of the transmission line.
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Zt = j!
tan d


It   ktkt
k0

(2.6)
where  is the phase constant along the normal direction to the dielectric substrate.
kt is the phase constant vector along the surface of the dielectric covered PEC and
It is the dyadic identity matrix. The two elements of the dyad
Zt are the scalar
surface impedances for the TE and TM polarizations, denoted by ZTMt and Z
TE
t .
Therefore according to (2.5), the surface impedance of an articial impedance surface
with square patches is denoted by the following equations.
ZTMi =
j!
tan d

cos2 2
1  2kefftan d

cos2 2
(2.7)
ZTEi =
j!
tan d

1  2kefftan d


1  1
r + 1
sin2 2
 (2.8)
where 2 = sin
 1

sin p
r

.
2.2 Surface Wave Modes
As discussed earlier, AISs support the propagation of both TM and TE surface
wave modes and the expressions for surface impedance of both the modes have been
derived in [1]. The AIS is assumed to lie in the xy plane while the surface waves prop-
agate along its surface. According to the property of surface waves, they attenuate
along the z direction. Therefore the bound surface waves vary as e jktxe kzz, where
kz is the attenuation constant in the z direction, kt is the phase constant along the
surface of AIS and x is the distance on the surface.
The surface impedance of a TM mode is expressed as
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ZTMs =
jZ0kz
k0
(2.9)
where Z0 is the impedance of free space. The propagation of a TM mode surface
wave is indicated by the inductive surface impedance. The phase constant along the
surface of an AIS, kt , can be related to the attenuation constant in the z direction
by the dispersion equation.
k2z = k
2
t   k20 (2.10)
Similarly the surface impedance of the TE mode is expressed as
ZTEs =
 jZ0k0
kz
(2.11)
The propagation of a TE mode surface wave is indicated by the capacitive surface
impedance. The equivalent circuit of the Articial Impedance Surface is used for
interpretation of the results obtained in the following chapters.
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Chapter 3
LEAKY WAVE ANTENNA (LWA)
In this chapter, the basic properties and characteristics of the leaky wave anten-
nas are introduced. A brief information about dierent types of leaky wave antennas
and their constructs are discussed. This chapter also illustrates the radiation mech-
anism of inhomogeneous sinusoidally impedance modulated leaky wave antenna and
its properties. It describes the simulations techniques that are used to determine
the surface impedance variation with respect to the gap size for a given frequency.
It elucidates the inuence of the surface impedance modulation parameters on the
radiation characteristics of the metasurface. The working of the metasurface is shown
to have frequency scanning abilities.
3.1 Introduction
Leaky wave antennas (LWAs) are characterized by high gains and narrow beam-
widths which make them appropriate radiating sources for low-power radar appli-
cations. The radiation from these structures is enabled by either a fast or a slow
wave propagating along the guiding structure. Fig. 3.1 shows a slotted waveguide,
that is a well-documented leaky-wave antenna where radiation is enabled by a fast
wave propagating within the guiding structure [25]. Periodic leaky-wave antennas are
characterized by radiation from a slow wave propagating along an interface between
the guiding structure and free space [26, 27]. The radiation from the slow wave is
facilitated by periodic structures that cause surface impedance discontinuities. The
periodic structures enable a match between the phase of the slow surface wave and
free space, allowing electromagnetic energy to escape from the guiding structure. The
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slow surface waves propagate along an interface between two media as demonstrated
in Fig. 3.2.
Figure 3.1: Leaky Radiation by Fast Waves.
Figure 3.2: Leaky Radiation by Slow Waves.
The periodic structures are characterized by periodic electric and magnetic elds
and hence a periodic surface impedance. These periodic elds are expressed as an
innite sum of complex modes called Floquet modes [28] . The periodic structures fa-
cilitate the escape of some of the Floquet modes from the slow wave guiding structure
in the form of radiation. The direction of radiation depend on the complex propa-
gation constant that is specic to each Floquet mode. Hence, radiation in multiple
directions indicates the escape of multiple Floquet modes from the guiding structure.
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The complex propagation constant is frequency dependent and therefore the direction
of radiation of each Floquet mode varies with the frequency. The one-dimensional
LWA supports the propagation of electromagnetic waves in a linear direction. The
one-dimensional LWA radiates fan beams as shown in Fig. 3.1. The gain of the
fan beams depend on the tapering of the aperture elds. Slower tapering along the
direction of propagation without changing the direction of the beam leads to high
gain and hence aperture eciency. The following section introduces a type of slow
wave leaky-wave antenna where the radiation is enabled by modulation of the surface
impedance.
3.2 Modulated Metasurface
Modulated and Non-Modulated metasurfaces are shown to have a wide range of
prospective applications [29]. Modulated metasurfaces oer a number of advantages
such as achievement of high gain, frequency scanning, radiated elds with desired
polarization, simplistic excitation and simplied fabrication [30]. Surface impedance
modulation is performed either in linear or radial directions based on the shape of
the wavefront of the propagating surface wave. Linear modulation is implemented
using electrically long metallic strips while radial modulation is implemented using
electrically small patches. These electrically small patches are either isotropic or
anisotropic based on their shapes [31]. Isotropic patches, such as square and circular,
have a scalar impedance, while anisotropic patches, such as rectangular and elliptical,
have a tensor impedance.
A modulated metasurface is a periodic leaky-wave antenna that is designed on a
dielectric covered ground plane [29]. The slow surface wave, which is the source of ra-
diation, propagates along the interface between the dielectric substrate and free space
while part of its energy is radiated into free space. The periodic surface impedance
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modulation aids in leaking the energy from the grounded dielectric.
3.3 Realization of the Surface Impedance
3.3.1 Eigen Mode Solver Technique
The surface impedance of an Articial Impedance Surface can be varied by varying
the size of the square patches on the dielectric substrate without changing the lattice
constant of the surface. Since the phase constant along the surface is related to the
surface impedance, the phase distribution over the surface provides the information
on the surface impedance distribution over the surface. The procedure to calculate
the surface impedance for dierent sized patches using Ansys HFSS is outlined here.
A unit cell setup with a oquet port is required to model the periodic boundary
conditions for the calculation of the surface impedance. The lattice constant is xed
at 4 mm. The periodic boundary conditions are set up between the slave and master
boundaries to obtain a phase shift of 75 per unit cell. The size of the square patch is
set to 2:9 mm X 2:9 mm. The eigen mode solver is used to nd the eigen frequency
of the propagating TM mode surface wave that satises the boundary conditions of
the unit cell. The eigen frequency is found to be 10 GHz. This is set as the operating
frequency as it is intended to operate the whole surface with dierent sized patches
in TM mode. The patch size is varied and the corresponding phase shift across the
unit cell is noted at the operating frequency. Since the phase shift across the unit
cell is the product of the tangential phase constant along the surface and the lattice
constant, the tangential phase constant and thus the surface impedance of the surface
can be calculated for dierent patch sizes. A plot of the size of the gap between the
square patches and the surface impedance is shown in Fig. 3.3.
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Figure 3.3: Surface Impedance Variation with Gap Size.
3.3.2 Tranverse Resonance Method (TRM)
The surface impedance of a metallic strip placed on a dielectric covered ground
plane can be calculated most accurately using the Transverse Resonance Method.
This method is also used in the following chapters to predict the scanning ability
of multi-layered LWAs and curvature modeling in conformal LWAs. The method
substantiates the continuation of the impedance prole along a structure that sup-
ports the propagation of electromagnetic waves. Applying TRM to obtain the sur-
face impedance involves summation of impedances looking in opposite directions and
equating the summation to zero as shown below Fig. 3.4.
ZTMdown + Z
TM
up = 0 (3.1)
ZTMup =
jZ0kn0
k0
(3.2)
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Figure 3.4: TRM to Calculate Surface Impedance.
ZTMdown =
0kn1tan(kn1h)
k1   tan(kn1h) (3.3)
where kn0 and kn1 are the normal components in the free space and dielectric medium
respectively, h is the thickness of the dielectric.
3.4 Sinusoidal Modulation of Surface Impedance
Oliner and Hessel have provided an insight on controlling the surface waves by
sinusoidally modulating the surface impedance of a plane surface [28]. A solution to
determine the wave number along the surface for both surface wave modes and leaky
modes is given for dierent periods and indices of modulation. The present study
outlines the procedure of modulating the surface impedance. The surface impedance
of an AIS can be modulated by changing the size of the square patches embedded
on the dielectric surface. It is shown that if the period of modulation is suciently
small, the phase constant along the normal to the surface becomes imaginary. If
this period is larger than a particular value, the impedance modulation converts the
surface wave modes to leaky wave modes leading to radiation at a specic angle from
the surface. Therefore the period of modulation is varied at dierent locations on
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the surface according to interference pattern of the hologram to obtain the desired
radiation pattern.
A study on the sinusoidal modulation of the surface impedance is required before
applying it on the AIS. Consider a surface whose surface impedance is sinusoidally
modulated with a period a along the x direction. For simplicity, no variation is
assumed along the y direction. The surface lies on the xy plane, as shown in Fig. 3.5.
Since the surface considered is operated in either the TM or TE surface wave mode,
the surface impedance is purely reactive depending on the propagating mode. The
surface reactance is given by
Zs (x) = jXa

1 +M cos

2x
p

(3.4)
Figure 3.5: Surface Impedance Modulation in Single Dimension.
where x is the direction of propagation of the surface wave, Xa is the average surface
reactance, M is the modulation index that is limited to 0  M  1 and p is the
period of the sinusoidal modulation. Since the surface impedance over the surface is
periodic, the corresponding electric and magnetic elds are also periodic and hence
can be expressed in terms of oquet modes [28]. The normalized oquet mode elds
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vary with e j(ktx+
2nx
p
)), where kt is the propagation constant along the surface in the
direction of propagation. Therefore the propagation constant normal to the surface
kn for each oquet mode is given by
kn =
s
k2  

kt +
2n
p
2
n = 0;1;2::: (3.5)
For large values of p, kt is smaller than the free space propagation constant and
kn is a real value, indicating the propagation of leaky wave modes. For small values
of p, kt is larger than k, and kn becomes imaginary, representing the propagation of
surface waves.
Sinusoidal impedance modulation is periodic and is responsible for leakage of
electromagnetic waves in one direction. Hence it has extensively been exploited in
the design of high gain leaky-wave antennas [26, 29, 32]. Since the surface impedance
is periodically modulated, the corresponding periodic electric and magnetic elds are
represented with an innite sum of Floquet modes. The propagation constants of the
corresponding Floquet modes are given by (3.6).
kn = +
2n
p
(3.6)
where n is the index of the Floquet mode, p is the period of the modulation,  is the
propagation constant of the Floquet mode with an index n = 0. The sinusoidal mod-
ulation of the surface impedance introduces leaky waves which result in the radiation
of some of the Floquet modes [7]. The dispersion diagram illustrates the variation of
phase along the surface with respect to free-space phase variation. If the period of
the modulation is small compared to the wavelength, the n = 0 and n =  1 modes
fall under the radiation cone represented by red dotted lines shown in Fig. 3.6 [28].
The inverse of the slope of the curves under the radiation cone indicates the direction
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Figure 3.6: Dispersion Diagram of Sinusoidal Modulation.
of the radiated leaky waves. As the slope of these curves varies with the frequency,
the leaky wave antennas are capable of frequency beam steering [33, 34].
The design of one dimensional planar leaky wave antenna consists of electrically
long metallic strips placed on a dielectic covered ground plane. The width of the
metallic strips are varied along the direction of propagation. The widths of the metal-
lic strips are chosen according to their surface impedance and placed appropriately
to obtain a sinusoidal modulation. The surface is excited with a coaxial port at one
end. It has been shown that the gain of this type of antenna is determined by t, the
attenuation constant of the excited leaky wave, and the direction of the maximum
gain by its phase constant t  (2=p) [29]. The attenuation and phase constants are
dened along the patterned surface in the direction of propagation of the leaky wave.
The scan angle of the leaky wave antenna is given by
s = sin
 1

t   (2=p)
0

(3.7)
The radiation pattern with sinusoidally modulated surface impedance is shown in
19
Fig. 3.7. A major lobe is observed along  = 5 along a plane parallel to the direction
of propagation of the leaky waves. The direction of the major lobe indicates the
direction of leakage of electromagnetic energy from the dielectric structure. It depends
on the propagation constant of the surface wave and period of the surface impedance
modulation. Since the direction of the maximum is also frequency dependent, the
antenna is frequency steerable.
Figure 3.7: Radiation Pattern of a Sinusoidally Modulated Metasurface.
The aperture elds exponentially decay along the direction of propagation leading
to the reduction in aperture eciency as shown in Fig. 3.8
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Figure 3.8: Aperture Fields of a Sinusoidally Modulated Metasurface.
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Chapter 4
CONVENTIONAL HAIS
In this chapter the basic properties of the holographic principle and its application to
the modulated metasurfaces are discussed. The ability of the surface to form the beam
in a given direction and the peak gain of the formed beam are the vital parameters
that assess the performance of the surface. It is shown that the polarization of the
radiated elds along the maximum is frequency dependent as the peak is contributed
by both forward and backward traveling leaky waves.
4.1 Hologram
Holograms are three dimensional images formed when a light source is incident
on a recorded photographic lm. The photographic lm is a storage of information
about the light source and the image formed. This information is recalled as the
interference pattern and the process is known as Holography. The beam from the
light source is the reference beam and the formed image is the objective image, as
illustrated in Fig. 4.1. The interference pattern is constructed from the dot product
of the two dimensional projections of the reference beam and objective image on the
photographic lm.
4.2 Microwave Holography
A Hologram is the collective information of phase and amplitude of the interfer-
ence pattern of a reference wave and an objective wave. The phase is recorded relative
to the reference wave. When this interference pattern is illuminated by the reference
wave, it recreates the objective wave. The interference pattern is analogous to the
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Figure 4.1: Conventional Hologram.
frequency response of a system. The interference pattern is recorded on the ground
plane. The phase variations of the reference waves on the plane and the phase projec-
tion of the objective wave on the plane are recorded in the form of surface impedance
to represent the interference pattern which is shown in Fig. 4.2. Since the surface
impedance is related to the propagation constant along the surface, the impedance at
dierent locations on the ground plane varies according to the phase recording of the
interference pattern. Amplitude of the interference pattern is not considered in this
work as it is reserved for the future work. Let us consider  ref as the phase of the
reference wave and  obj as the phase projection of the objective wave on the ground
plane. Then the interference pattern of the hologram has a term that is proportional
to  obj 

ref . When the hologram is illuminated by the reference wave, the resultant
wave would be a reproduction of the objective wave as shown in (4.1).
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Figure 4.2: Microwave Hologram.
( obj 

ref ) ref =  obj j ref j2 (4.1)
4.3 Mechanism of HAIS
HAIS is a modulated impedance surface that employs the holographic principle
to direct the radiating leaky waves toward the desired direction. There are two types
of sinusoidally modulated HAISs: 1) scalar impedance HAISs that radiate linearly
polarized waves; 2) tensor impedance HAISs that radiate linear, elliptical, or circularly
polarized waves [26]. To obtain a circular polarization using a scalar impedance
surface, spiral modulation was used to design a broadside leaky wave antenna in [35].
The scalar impedance HAIS supports the propagation of either a TM or a TE lower
order surface wave mode at a given frequency, whereas the tensor impedance HAIS
supports the propagation of both modes. The electric elds of the TM mode are
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oriented vertically, which are perpendicular to the HAIS, whereas the electric elds
of the TE mode are oriented horizontal to the surface [1].
The propagation of TM and TE modes on HAIS at a given frequency is responsi-
ble for the radiation of vertically and horizontally polarized electric eld components,
respectively. Hence, the scalar impedance HAIS radiates either vertically or hori-
zontally polarized electric elds, depending on the propagating surface wave mode.
Individual control of propagation of TM and TE mode surfaces have been reported in
[26, 29, 35]. This permits the design of tensor impedance HAIS to radiate linear, cir-
cular or elliptically polarized waves. The required surface impedance prole is realized
with electrically small patches. These electrically small patches are either isotropic or
anisotropic based on their shapes [31]. Isotropic patches, such as square and circular,
have a scalar impedance, while anisotropic patches, such as rectangular and elliptical,
have a tensor impedance. These metasurfaces are capable of synthesizing the required
phase and amplitude of aperture elds that are responsible for far-eld fan beam ra-
diation. It has been reported that the metasurfaces designed with both phase and
amplitude synthesis exhibit higher aperture eciency than those designed by phase-
only synthesis. Although the phase and amplitude synthesis design improves the
aperture eciency of the metasurface, it restricts the class of synthesizable aperture
elds [31].
The design and construction of scalar impedance HAISs, using square patches, are
discussed in [26]. Throughout this chapter, the HAIS designs are constructed using
square patches and the surface is positioned in the xy plane. The square patches are
distributed on a dielectric covered ground plane according to a surface impedance
distribution obtained using the holographic principle. The surface impedance vari-
ation with patch size is determined using the eigen mode solver of HFSS, with the
procedure outlined in [26]. It can also be calculated analytically with the formulas
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given in [36]. The reference wave required to build the holographic pattern is the
cylindrical wave induced on the surface by a monopole that is used as a TM radiator.
The desired radiation pattern is a pencil beam oriented towards  = 35;  = 0
(positive xz plane). The surface impedance of the HAIS is distributed according to
Zs (x) = jXa

1 +MRe
 
e k0xsin35

ejkr

(4.2)
where Xa = 337
 is the average surface reactance, k is its corresponding phase
constant along the surface, M = 0:5 is the modulation index, k0 is the free-space
phase constant, and r is the radial distance from the monopole. The resultant scalar
impedance variation along the surface is shown in 4.3. The holographic pattern
obtained from the sinusoidal modulation appears as a set of concentric ellipses, as
demonstrated in 4.4. This holographic pattern is considered as a one-dimensional
sinusoidal impedance variation in each  direction, with the period of the modulation
determined by the tangents of the concentric ellipses [34]. The example in Fig. 4.4
illustrates the period of the sinusoidal modulation in the  = 0 direction. The phase
of the leaky waves along the surface for each  direction is plotted in Fig. 4.5. The
plot shows that beyond  = 90, the phase is negative, indicating the propagation of
backward traveling waves. Since the surface is symmetric, it can be deduced from this
plot that one half of the surface ( < 90 and  > 270) radiates forward traveling
waves while the other half (90 <  < 270) radiates backward traveling waves. Both
the forward and backward traveling waves contribute to the antenna beam formation.
The surface has to be designed and operated at the phase matching frequency, where
both the backward and forward traveling waves have the same phase, in order to form
the beam in the desired direction [34]. Operating the surface at a frequency other
than the phase matching frequency would result in the appearance of a null in the
desired direction, as the phase dierence between the forward and backward leaky
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Figure 4.3: Scalar Impedance Variation along the Surface.
waves is 180. The radiation pattern of the HAIS in the xz plane is plotted in Fig.
4.6.
Thus a pencil beam is formed in a desired direction using a scalar impedance
isotropic inhomogeneous surface. The next chapter delves into the frequency response
of HAIS and variation of its structural changes to control the polarization of the pencil
beam.
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Figure 4.4: Concentric Ellipses of the Hologram.
Figure 4.5: Phase Constant of the TM mode along the Surface for Dierent .
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Figure 4.6: Radiation Pattern of a Conventional HAIS E Component along the XZ
Plane ( = 0,  = 180).
Figure 4.7: Radiation Pattern of a Conventional HAIS E Component along the
Conical  = 35 Plane.
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Chapter 5
POLARIZATION CONTROL OF HAIS
The ability of HAIS to radiate electric eld along the pencil beam with a desired
polarization is addressed. Designing the HAIS at a non-phase crossover frequency
opens a degree of freedom to control the polarization of the radiated elds by varying
the interference pattern. This chapter discusses the various holographic interference
patterns that are used to achieve dierent polarizations for the radiated elds in the
maximum direction.
5.1 HAIS with Horizontal Polarization
5.1.1 Design and Analysis
The polarization of the leaky waves radiated by the conventional HAIS depends
on the polarization of the surface waves induced by the source. The TM-mode sur-
face waves propagating along the HAIS are responsible for the radiation of vertically
polarized waves, and TE-mode surface waves radiate horizontally polarized waves.
Irrespective of the frequency, the conventional HAIS designed in [26, 34] radiates
cross-polarized components with a signicantly smaller magnitude.
This chapter discusses the modication of the HAIS to improve the magnitude of
the cross-polarized components. Fig. 5.1 displays the surface impedance pattern of
one half of the HAIS. The surface is excited with a monopole placed at the center of
the concentric ellipses located at the edge of the HAIS. Unlike the conventional HAIS
design, the surface is intentionally operated at a non-phase matching frequency to
obtain a null in the E component along the desired direction. The HAIS is operated
30
Figure 5.1: One Half of the Conventional HAIS.
at 12 GHz, which is a non-phase matching frequency and a full-wave simulation was
performed on this structure. The corresponding radiated E and E components are
plotted in Fig. 5.2. As predicted, the E component has a null in the desired direction
due to the non-phase matching frequency, while the E component has a pencil beam
in the desired direction [30, 37]. There are two maxima found on either side of the
null of the E component, each of them contributed by the forward and backward
traveling waves, respectively.
The full conventional HAIS shown in Fig. 4.3 is excited by a monopole placed at
the center of the concentric ellipses and operated at the same non-phase matching
frequency of 12 GHz. The radiation patterns of both E and E in the XZ plane
are plotted in Figs. 5.3,5.4, and both display a null along the desired directions in
both E and E components. While the null in the E is contributed by out-of-phase
forward and backward traveling waves, the E components radiated by the symmetric
halves of the HAIS are 180 apart in phase, which leads to the appearance of a null in
the plane of symmetry. The E components radiated by the symmetric halves of the
HAIS are in phase, which leads to the constructive interference of the components
that increases the gain. If the same surface is operated at a phase matching TM mode
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Figure 5.2: E and E of One Half of the Conventional HAIS along XZ Plane.
frequency, a pencil beam is formed with a vertical polarization. The patterns of the
E and E components of this conventional HAIS operated at 10 GHz are shown in
Figs. 4.6,4.7. The E component forms a pencil beam along  = 35
 when operated
at 10 GHz, which is a phase matching frequency. The corresponding E component
has a null in the XZ plane in which the pencil beam is formed. The appearance
of a null in the desired direction at the non-phase matching frequency leads to the
modication of the holographic pattern to form a pencil beam in the desired direction
with a specied polarization. To demonstrate this, the modied HAISs are operated
at the non-phase matching frequency of 12 GHz.
To obtain horizontally polarized radiated elds, the HAIS is designed according
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Figure 5.3: Radiation Pattern of a Conventional HAIS Operated at a Non-phase
Matching Frequency E Component along the XZ Plane ( = 0
,  = 180).
to (5.1), and the resultant modied HAIS is displayed in Fig. 5.5.
Zs (x; y) =
8>><>>:
jXa

1 +MRe
 
e jkox sin 45

ejkr

for x  0
jXa

1 +MRe
 
eje jkox sin 45

ejkr

for x > 0
(5.1)
The sinusoidal modulation of one symmetric half of the MHAIS is out-of-phase by
180 from its counterpart. This results in a 180 phase shift in the induced surface
waves of that symmetric half. This leads to the cancellation of the E component
and reinforcement of E component leading to the radiation pattern shown in Fig.
5.6. Thus, the MHAIS operated at a TM-mode frequency radiates a pencil beam
with the horizontally polarized electric eld along  = 45,  = 0 (XZ plane),
which is the desired direction. The pencil beam obtained from the modied HAIS
has a simulated gain of 14:8 dB. The modied HAIS (9:400  7:800) was fabricated
using Rogers corporation RT/duroid 5880 as the substrate with a thickness of 0:125
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Figure 5.4: Radiation Pattern of a Conventional HAIS Operated at a Non-phase
Matching Frequency E Component along the Conical  = 45
 Plane.
inches. The holographic pattern of the fabricated MHAIS is congured with 3600
copper patches, as shown in Fig. 7.5. A quarter wavelength monopole was placed
at the center of the MHAIS, as shown in the inner picture of Fig. 7.5, to excite the
surface waves. Good agreement is observed between the measured and simulated E
radiation patterns that are shown in Fig. 5.8.
5.1.2 Aperture Eciency
The maximum eective aperture Aem of an antenna is given by [25]
Aem =
2
4
G0 (5.2a)
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Figure 5.5: Modied HAIS to Obtain Radiated Fields with Horizontal Polarization.
Figure 5.6: E and E along the XZ Plane ( = 0
,  = 180) of the Modied HAIS
to Obtain Horizontal Polarization.
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Figure 5.7: Fabricated Modied HAIS to Obtain Horizontal Polarization. The
Monopole is Shown Enlarged in the Inner Picture.
where G0 is the maximum gain of the antenna. The aperture eciency "a of an
antenna, dened as the ratio of the maximum eective aperture to the physical area,
is represented by [25]
"a =
Aem
Ap
(5.2b)
where Ap is the physical area. The maximum eective aperture of a tilted/scanned
beam antenna is expressed as
Aes =
2
4
G0 cos t (5.3a)
where t is the tilt angle and cos t is the scaling factor that accounts for the tilt of
the antenna beam. The corresponding aperture eciency of the tilted beam antenna
is represented by
"s =
Aes
Ap
(5.3b)
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Figure 5.8: Comparison Between Measured and Simulated E Components along
the XZ Plane ( = 0,  = 180).
The maximum gain of the fabricated modied HAIS shown in Fig. 7.5 is 16 dB
along t = 45
, the physical aperture is 76:82, the side lobe level is  20 dB and the
aperture eciency is 5:85% along the broadside direction and 3:07% along the tilt
angle t = 45
. The aperture eciency is low due to its leaky wave nature. Typical
values of "a of these type of HAISs range between 0 20%, as indicated in [35]. If the
size of the HAIS is reduced, the aperture eciency is reduced further, as shown in
[35]. However, since the aperture eciency of these antennas depends on the average
impedance of the modulation Xa and the modulation index M , these values can be
adjusted to increase the aperture eciency.
The simulated radiation pattern of an modied HAIS (Physical area of 18:52)
with an improved eciency is shown in Fig. 5.9. TheXa andM values of this modied
HAIS is 205 
 and 0:53, respectively, and the corresponding aperture eciency is 15%
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Figure 5.9: Radiation Patterns along the XZ ( = 0,  = 180) of the modied
HAISs with Dierent Aperture Eciencies.
along the broadside and 7:8% along the tilt angle of the beam. This indicates that a
simulated gain of 14:8 dB with a side lobe level of  13 dB, can be achieved with an
modied HAIS whose physical area is 18:52 (75% reduction in the area compared to
the fabricated HAIS whose physical area is 76:82), by varying Xa and M .
5.2 Vertical Polarization
Following the out-of-phase surface impedance modulation technique, it is possible
to eliminate the null that appears between the two maxima in the E component
of the conventional HAIS when the surface is operated at a non-phase matching
frequency. It was already shown in the previous section that one half of the HAIS
( < 90 and 270 < ) radiates forward traveling waves and the other half (90 <
 < 270) radiates backward traveling waves. They are out of phase by 180. Hence,
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by introducing an out-of-phase surface impedance modulation to one of these halves
would enable a constructive interference of E components contributed by both the
halves, resulting in the elimination of the null. Since this involves the out-of-phase
modulation of non-symmetric halves of HAIS, both (5.4) and (5.5) could be used to
eliminate the nulls, but the maximum gain of the pencil beam would dier from each
other.
Zs (x; y) =
8>><>>:
jXa

1 +MRe
 
e jkox sin 45

ejkr

for y  0
jXa

1 +MRe
 
eje jkox sin 45

ejkr

for y > 0
(5.4)
Zs (x; y) =
8>><>>:
jXa

1 +MRe
 
e jkox sin 45

ejkr

for y > 0
jXa

1 +MRe
 
eje jkox sin 45

ejkr

for y  0
(5.5)
The modied HAIS shown in Fig. 5.10 has a surface impedance distribution according
to (5.4). Since the symmetric halves of the HAIS are modulated with the same surface
impedance function in this design, their corresponding E components cancel each
other in the far-eld region, while their E components reinforce. Fig. 5.11 displays
the radiation pattern of E and E components on the XZ plane. The E component
is observed to have a pencil beam along the desired direction, while the magnitude
of the E component is signicantly suppressed. Hence, this modied HAIS radiates
a vertically polarized electric eld in the desired direction for a non-phase matching
frequency.
5.3 Linear Polarization with Arbitrary Direction
It was shown in the previous sections that a pencil beam could be formed with
either horizontal or vertical polarization by modifying the holographic pattern for a
non-phase matching frequency. In those designs, the principle planes served as the
boundary between the out-of-phase modulated surface regions. To obtain a linear
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Figure 5.10: Modied HAIS to Obtain Vertically Polarized Electric Fields for a
Non-phase Matching Frequency.
Figure 5.11: E and E along the XZ Plane of the Modied HAIS to Obtain
Vertically Polarized Radiated Fields.
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Figure 5.12: Modied HAIS to Obtain Linearly Polarized Radiated Fields in an
Arbitrary Direction.
polarization in any other direction, without disturbing the position of the surface, the
out-of-phase modulated surface regions are separated by a boundary that is oriented
along the diagonal of the HAIS as shown in Fig. 5.12. The cross polarized component
is an impurity of the TM surface wave mode and it is in phase with the co-polarized
component. Hence, an antenna beam is formed, according to the holographic pattern,
with the radiated E and E components forming a linear polarization in a direction
that depends on their magnitudes. The radiated E and E components are shown
in Fig. 5.13. The high axial ratio values within the half power beam width of the
pencil beam, shown in Fig. 5.14, conrms the radiation of a linearly polarized wave
[25].
5.4 Circular Polarization
Since the TM surface wave mode has in-phase co-polarized and cross-polarized
components, an intentional phase shift of 90 is introduced to obtain a desired antenna
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Figure 5.13: E and E along the XZ Plane of the Modied HAIS to Obtain
Linearly Polarized Radiated Fields in an Arbitrary Direction.
beam with a circular polarization. The surface impedance distribution of the resultant
surface is a sum of two dierent surface impedance distributions as represented by
(5.6), (5.7) and (5.8).
Z1s (x; y) =
8>><>>:
jXa

1 +MRe
 
e jkox sin 45

ejkr

for x  0
jXa

1 +MRe
 
eje jkox sin 45

ejkr

for x > 0
(5.6)
Z2s (x; y) =
8>><>>:
jXa

1 +MRe
 
je jkox sin 45

ejkr

for y  0
jXa

1 +MRe
 
jeje jkox sin 45

ejkr

for y > 0
(5.7)
Zs(x; y) = 0:5[Z1s(x; y) + Z2s(x; y)] (5.8)
One of the surface impedance distributions correspond to the vertical polariza-
tion and the other corresponds to the horizontal polarization with a 90 phase shift
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Figure 5.14: Axial Ratio of the Linear Polarization within the Half-power Beam
Width of the Pencil Beam.
introduced in its holographic pattern. This 90 phase shift introduces a quadrature
phase between the orthogonal electric eld components required for the radiation of
circularly polarized waves. The sense of rotation of the circularly polarized waves is
determined by the surface impedance distribution component to which the 90 phase
shift is introduced. The HAIS thus obtained is displayed in Fig. 5.15. The corre-
sponding radiation pattern of RHCP and LHCP components are plotted in Fig. 5.16.
The desired pencil beam is formed with RHCP and a maximum gain of about 13 dB.
The axial ratio, plotted in Fig. 5.17, stays below 2 dB within the half power beam
width of the pencil beam. This indicates the achievement of a pencil beam in the
desired direction with a circular polarization [25].
Utilizing the frequency response of the HAIS, it is possible to control the po-
larization of the radiated pencil beam by altering the holographic patterns. As it is
shown in the previous chapters that the leaky wave antennas are capable of frequency
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Figure 5.15: Modied HAIS to Radiate Circularly Polarized Waves.
Figure 5.16: RHCP and LHCP Components along the XZ Plane of Modied HAIS
to Radiate Circularly Polarized Waves.
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Figure 5.17: Axial Ratio of Modied HAIS to Radiate Circularly Polarized Waves.
scanning, the following chapter addresses the enhancement of the scan angle using a
multi-layered susbstrate.
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Chapter 6
MULTI-LAYERED LEAKY WAVE ANTENNAS FOR WIDE RANGE SCAN
ANGLES
This work discusses the beam scanning capability of a one-dimensional sinusoidally
modulated LWA. It is shown that a sinusoidally modulated LWA designed on a multi-
layered dielectric covered ground plane has a wider bandwidth of operation when
compared to a single layered dielectric covered ground plane with the same pattern
of metallic strips. As these type of leaky wave antennas are frequency steerable, the
multi-layered sinusoidally modulated LWA has a broader range of scan angles.
6.1 Design of Multi-Layered Sinusoidally Modulated Leaky Wave Antenna
The surface impedance is varied sinusoidally in the direction of propagation of
the leaky wave to design the antenna. It is implemented by embedding electrically
long metallic strips on a stack of dielectric layers arranged on a PEC ground plane
as shown in Fig. 7.1. The metasurface is divided into unit cells of equal periods
with a metallic strip aligned at the center of each unit cell. The metallic strips are
thus placed periodically on the stack with the center-to-center distance between the
adjacent metallic strips representing the period of the unit cell. Each unit cell rep-
resents a sample point in the surface impedance variation. By regulating the width
of each metallic strip, a smooth sinusoidal variation of surface impedance is accom-
plished which forms a leaky wave antenna. The analysis of multi-layered modulated
metasurface is performed with substrates of equal thicknesses. Its surface impedance
is calculated using an analytical model shown in Fig. 6.2. The model considers each
layer as a transmission line with length equal to the layer thickness. The transmis-
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sion lines are cascaded to each other to form a multi-layered stack. In Fig. 6.2, ZTMn
represents the TM-mode characteristic impedance of nth transmission line and Znin
represents the input impedance at nth interface. The bottom layer is terminated with
a short circuit to represent the PEC ground plane. Each metallic strip is represented
by a lumped element, placed in parallel with the transmission line that represents the
top layer. The impedance of the lumped element varies with the width of the strip,
hence the width of the metallic strips in each unit cell is varied to obtain the required
sinusoidal variation of the surface impedance [23].
Figure 6.1: Metallic Strips on a Stack of Dielectric Layers.
The surface impedance of each unit cell is calculated graphically using the trans-
verse resonance method [22]. The impedances Zups (t) and Z
down
s (t), that are refer-
enced at the interface between the metasurface and free space, are plotted in Fig. 6.3
with respect to t for a given frequency, where t is the phase constant of the surface
wave propagating along the surface. The point of intersection of the two plots, where
the impedances are the same, determines the surface impedance Zs of the unit cell.
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Figure 6.2: Analytical Model of the Multi-layered Dielectric Unit Cell.
The surface impedance of a single-layered unit cell of period 3mm, dielectric sub-
strate permittivity of 3:66 and metallic strip width of 2:6mm is determined using the
transverse resonance method in Fig. 6.3. The widths of the metallic strips are chosen
according to their surface impedance and placed appropriately to obtain a sinusoidal
modulation, which can be written as (6.1)
Zs (x) = jXa[1 +M cos(2x=p)] (6.1)
where x is the direction of propagation of the surface wave, Xa is the average surface
reactance,M is the modulation index and p is the period of the sinusoidal modulation.
It has been shown that the gain of this type of antenna is determined by t, the
attenuation constant of the excited leaky wave and the direction of the maximum
gain by its phase constant t   2=p [33]. The attenuation and phase constants are
dened along the patterned surface in the direction of propagation of the leaky wave.
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Figure 6.3: Surface Impedance Calculation using Transverse Resonance Method.
The scan angle of the leaky wave antenna is given by (6.2)
s = sin
 1

t   (2=p)
0

(6.2)
where 0 is the free-space phase constant. The attenuation constant of the propagat-
ing leaky wave that determines the gain of the antenna depends on the modulation
parameters of the surface impedance [28]. The attenuation constant of the leaky
wave is obtained by considering the eects of n=1, n=2 Floquet modes. The
variation of the attenuation constant t of the leaky wave with normalized Xa andM
is demonstrated in the surface plot in Fig. 6.4 for a period of p = 30mm and f = 10
GHz.
It is seen that t increases with an increase in both Xa and M values. For a given
sinusoidally modulated LWA, the bandwidth is bounded by the frequencies where the
peak gain of the major lobe diminishes by 3 dB. The variation in the peak gain of
49
Figure 6.4: Variation of Attenuation Constant t with Normalized Xa and M .
the antenna is brought about by the changes in Xa and M . While the lower bound
is marked by very small values of M , the upper bound is marked by the large values
of Xa. The small values of M leads to insignicant modulation of surface impedance
while the large values of Xa leads to lower peak gain due to steeper tapering aperture
elds. By employing a multi-layered sinusoidally modulated metasurface, the usable
bandwidth of the antenna can be increased, which also eventually results in wide
range of scan angles.
6.2 Performance of Multi-Layered Sinusoidally Modulated Leaky Wave Antenna
The performance of multi-layered sinusoidally modulated LWAs is evaluated against
the single layered metasurface in terms of their beam scanning capabilities. Consider
a single-layered sinusoidally modulated LWA, with a period of modulation p = 30mm,
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Figure 6.5: Radiation Pattern of a Single-layered Sinusoidally Modulated LWA.
substrate with "r = 3:66 and gap sizes between the metallic strips ranging between
0:1 - 0:6mm; the thickness of the substrate is 3mm. The metasurface is positioned in
XY plane with the leaky waves propagating in x direction. The radiation pattern of
the antenna is plotted for frequencies between 8:5 GHz - 13:5 GHz in Fig. 6.5. The
3-dB bandwidth of the LWA is 5:25 GHz between 8:35 GHz - 13:6 GHz with a scan
angle ranging between 5  63. The LWA achieves a maximum gain of 15 dB at 10:2
GHz.
A three-layered sinusoidally modulated LWA was designed with its total thickness
of the substrates to be the same as its single-layered counterpart. Hence the thickness
of each layer is 1mm. The middle layer has the same permittivity as the single layered
antenna ("r2 = 3:66). This is to allow the direction of the peak of the radiated beam to
align with the peak gain direction of the single-layered antenna for a given frequency.
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The top layer has a permittivity greater than the middle layer ("r3 > "r2) which
increases the upper boundary of the 3-dB bandwidth of the antenna. But this also
increases the lower boundary and directs the pencil beam towards endre direction.
To compensate for this, the permittivity of the bottom layer is designed to have a
smaller value than the middle layer; this decreases the lower boundary and pulls
the pencil beam towards the broadside direction. The permittivity of the top layer
and the bottom layers are designed to align the pencil beam in the same direction
as the single-layered beam. The radiation pattern of the multi-layered sinusoidally
modulated LWA with "r1=2:6, "r2=3:66 and "r3=4:5 is plotted for a frequency range
of 8:5 GHz-14:5 GHz in Fig. 6.6.
A drop in the peak gain of the pencil beam is observed in the radiation pattern.
But the peak gain remains invariable for a wider band of frequencies, with a 3-dB
bandwidth of 6:5 GHz. The multi-layered structure has a wider scan angle range
compared to the single layered metasurface, with its limits as 5 72. The scanning
capability of the sinusoidally modulated LWA is improved at the cost of the peak
gain. The reduction in the peak gain is due to the loss of energy in the form of
surface waves propagating through the intermediate layers. This loss increases with
the number of dielectric layers and dierence in permittivity values between adjacent
layers.
The variation of the peak gain and the scan angle versus frequency is traced
for metasurfaces with dierent number of substrates in Fig. 6.7. The ve-layered
metasurface has dielectric layers with "r1 = 2:08, "r2 = 2:6, "r3 = 3:66, "r4 = 4:5 and
"r5 = 5:5. It is observed that the ve-layered metasurface has the maximum scan
angle and least peak gain with a 3-dB bandwidth of 7:5 GHz and a scan angle range
of 5   80. The maximum peak gain of the ve-layered metasurface decreases to 10
dB; hence the trade-o between the peak gain and scan angle range is application
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Figure 6.6: Radiation Pattern of a Multi-layered Sinusoidally Modulated LWA.
dependent.
Fig. 6.8 displays the fabricated multi-layered metasurface with two layers with
"r1(bottom) = 3:66 and "r2(top) = 6:15. Each layer is 62 mils thick and the bottom
layer has a microstrip matching network to excite the surface waves, with minimum
reections at the coaxial port and to guide it to the interface between the two layers.
The top layer is patterned with the metallic strips to emulate sinusoidal modulation
of the surface impedance. The two dielectric layers are attached together with nylon
screws on the sides to minimize any air gaps between the dielectric layers that tend
to alter the propagation constant of the surface waves along the interface between
the dielectric layers. A pencil beam with the maximum gain of 12:5 dB is achieved
along  = 60 in the positive XZ plane at 10 GHz. A good agreement between the
simulated and the measured radiation patterns is observed in Fig. 6.9.
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Figure 6.7: Variation of Gain and Scan Angle with Frequency for N-layered
Metasurface: (a) Gain in dB and (b) Scan Angle in Degrees.
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Figure 6.8: Fabricated Two-layered Sinusoidally Modulated LWA.
Figure 6.9: Absolute Radiation Pattern of the Fabricated Sinusoidally Modulated
LWA.
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Chapter 7
CURVATURE MODELING IN DESIGN OF CIRCUMFERENTIALLY
MODULATED CYLINDRICAL METASURFACE LWA
An analytical model is presented to predict the behavior of a circumferentially impedance
modulated cylindrical metasurface leaky-wave antenna. The variation in the radiation
characteristics of the leaky-wave antenna with respect to its curvature is addressed.
A lossy transmission line, whose loss is associated with the curvature of the metasur-
face, is utilized to determine the surface impedance of the metallic strips placed on
a dielectric covered ground plane. This modies the propagation constant of the sur-
face wave propagating along the circumferential interface. As the surface wave is the
source of radiation from the metasurface, any variation in the propagation constant
of the surface wave changes the radiation characteristics of the leaky-wave structure.
This chapter discusses the properties of a TM-mode modulated metasurface LWA
that takes into account radiation loss due to curvature by modeling it as a material
loss. It has been shown that the propagation constant of the surface wave varies with
the curvature of the interface that it is propagating along [38]. These changes are
considered in the analysis of the radiation characteristics of the LWA designed using
the holographic principle. It is observed that the curvature of the metasurface leads
to additional tapering of the aperture elds of the leaky wave leading to widening of
the beam and reduction of the peak gain.
7.1 Lossy Transmission Line Model
A number of methods have been outlined to determine the surface impedance of
periodic metallic strips placed on a dielectric covered ground plane [36]. The trans-
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mission line model reported in [23] uses the Transverse Resonance Method (TRM)
[22] to estimate the surface impedance of High Impedance Surfaces (HISs) for a given
surface wave mode at a specic frequency. Fig. 7.1 displays a unit cell model that
can be used to estimate the tapering constant of the surface wave propagating along
a curved metasurface.
Figure 7.1: Surface Impedance Calculation Using the Transverse Resonance Method
(TRM).
The model uses a shorted lossy transmission line whose characteristic impedance
depends on the surface wave mode, material properties of the substrate and curvature
of the substrate. The variation of the surface impedance of a dielectric structure with
curvature is derived in [39], and it is given by
c = 0

1 +
j
2k1R

(7.1)
where c is the surface impedance of the curved substrate, 0 is the intrinsic impedance
of the dielectric substrate, k1 is the phase constant of the substrate and R is the radius
of curvature of the substrate. The characteristic impedance of the lossy transmission
57
line is determined from the curvature dependent lossy surface impedance as
ZTM1 = c
kn1
k1
(7.2)
where kn1 is the normal component of the propagation constant of the surface wave,
directed radially into the substrate. The surface impedance of the metallic patch
placed on a curved grounded dielectric substrate has a complex value as it includes
the radiation loss due to the curvature. The surface impedance of the structure is
determined at the design frequency of 15 GHz using the TRM that implies
Zup(ktc) + Zdown(ktc) = 0 (7.3)
Zup(ktc) = 0
kn0
k0
(7.4)
Zdown(ktc) = Zin(ktc) jjZg (7.5)
where Zup(ktc) and Zdown(ktc) are shown in Fig. 1, Zin(ktc) is the input impedance
of the lossy transmission line, Zg is the lumped impedance that represents the gap
size between the patches, ktc is the complex propagation constant of the surface
wave propagating along the curved surface and kn0 is the normal component of the
propagation constant directed towards the free space. The impedance Zg is calculated
based on the assumption that the period of the unit cell is very small compared to
the radius of curvature, and it depends on the substrate permittivity, period of the
unit cell and the gap size between the patches; it is evaluated using the formulas
reported in [23]. The variation of the complex surface impedance with respect to the
gap size between the patches is listed in Table I for dierent radii of curvature of the
metasurface. Using curve tting, the surface impedance Zs can be approximated as
a function of the radius of curvature and the gap size between the patches (g) as
58
Gap Size (mm) Planar R = 22 R = 15 R = 9
0.2 j292.1 5.4+j291.8 6+j291.8 9.28+j290.5
0.3 j262.8 8.8+j262.6 12.7+j262 13.2+j261.5
0.4 j240.4 10.3+j240.1 15.2+j239.8 18.3+j239.7
0.5 j222.68 12+j222.5 18.4+j222.3 21.13+j221.7
0.6 j208.45 14.6+j208.3 20.2+j208.16 23.1+j207.5
0.7 j196.85 15.8+j196.7 21.3+j196.5 24.5+j196.2
0.8 j187.27 16+j187.2 21.8+j187.1 25.2+j186.9
0.9 j179.2 16.1+j179.1 22.1+j179.1 25.6+j178.9
1 j172.49 16.15+j172.4 22.2+j172.3 25.7+j172.2
Table 7.1: Surface Impedance for Dierent Gap Sizes
Zs = (8:17  0:63R + 48:84g + 0:0048R2   0:21Rg   23:64g2)
+ j(346:8 + 0:01227R  321:6g   0:01Rg + 149:2g2)
(7.6)
Equation (7.6) is valid for 9 < R < 22 and 0:2mm < g < 1mm with a
maximum error of 3%. It is observed that the real part of the surface impedance,
that represents the radiation loss, increases with decrease in the radius of curvature.
Hence the surface wave is attenuated as it propagates along the curved interface.
This results in an alteration of the propagation constant of the surface wave with
the addition of a lossy imaginary component that can be calculated from the surface
impedance by
59
ktc = k0
Zs
0
(7.7)
7.2 Curved Modulated Metasurfaces
Modulated metasurfaces have been implemented on canonical structures like spheres,
cylinders and cones [40, 41]. The modulation of the surface impedance on these struc-
tures is performed based on the holographic principle. However the previous work
considered only the design of curved modulated metasurfaces by including the reac-
tive part of the surface impedance in the holographic principle; they do not provide
an insight about the resulting aperture eld that is responsible for leaky wave radi-
ation. By employing the lossy transmission line model in the analysis of modulated
metasurface, it is possible to estimate the tapering and phase change of the aperture
eld due to curvature. Fig. 7.2 illustrates the curved geometry of the circumferen-
tially modulated metasurface; it is 12 long and 2:6 wide where  corresponds to the
design frequency 15 GHz. The surface impedance of the metasurface is modulated
using its reactive part according to the holographic principle which is given by
Xs(
0) = Xa f1 +Mcos [tcR (0   0)  k0Rcos (d   0)]g (7.8)
where tc is the real part of the complex propagation constant along the curved
interface, 0 is the angular starting end of the surface, d is the desired direction of
the fan beam, 0 is the positional variable on the surface, Xa represents the average
reactance of the sinusoidal modulation and M represents its modulation index. The
metallic strips are arranged on the curved dielectric covered ground plane according
to the surface impedance variation.
The aperture eld along the circumference of the metasurface, that is responsible
for far-eld radiation, is determined using the surface impedance boundary condition
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Figure 7.2: Geometry of Curved Modulated Metasurface.
of
Ea = ZsJ (7.9)
where J is the surface current density that is approximated along the circumference
of a cylinder with a large curvature by
J = ^J0e
 jktcR0 (7.10)
ktc is the propagation constant of the surface current density given by
ktc = t +m +c   j (c + m) (7.11)
where t is the unperturbed propagation constant of the surface wave propagating
along a linear interface between the free space and a reactive surface with constant
surface impedance, m is the variation of the phase constant introduced due to the
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modulation of the surface impedance, c is the deviation in the phase constant due
to the curvature of the interface, c is the radiation loss due to the curved interface
and m is the leakage constant of the modulated surface. This additive assumption
of the propagation constants is valid for large radii of curvatures (R  9) of the
cylinders. Expressions for c and c can be obtained from the lossy transmission
line model by solving (7.3). It is inferred from Table I that both resistive and reactive
components of the surface impedance vary with respect to the gap size. Therefore c
and c are determined from the average surface impedance using
(t +c)  jc = k0Ra + jXa
0
(7.12)
where Ra is the average surface resistance. The dependence of m and m with
respect to modulation parameters can be calculated using the Floquet modal solution
which is discussed in [28]. The propagation constant ktc, obtained using (7.7) and
the lossy transmission line model estimates the beam-broadening and the angular
displacement of the fan beam from the desired direction. The elds radiated in
the far zone of the metasurface is obtained by taking the Fourier transform of the
aperture eld. It is calculated numerically using the mathematical tool Maplesoft.
The normalized amplitude patterns of a modulated metasurface with a curvature of
24 at a frequency of 15 GHz, determined using the lossy transmission line model
and HFSS, are displayed and compared in Fig. 7.3. Electrically long PEC strips
cladded on a circular cylinder are used to emulate the required surface impedance for
the HFSS model. The gap size is varied between 0:2 mm-1 mm. The increase in the
average resistance and c with the reduction in the radius of curvature indicates that
the aperture eld is more tapered for metasurfaces with smaller radii of curvatures.
The tapered aperture elds are characterized by a reduction of the peak gain and
an increased beamwidth of the fan beam. This is supported by the azimuthal plane
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gain patterns simulated at 15 GHz for modulated metasurfaces with dierent radii of
curvature for a given Xa and M that are plotted in Fig. 7.4. The metasurface with
a curvature of 22 has a peak gain of 15 dB and a beam width of 7:5, the surface
with a curvature of 15 has a lower peak gain of 13:9 dB and a broader beamwidth
of 9 while the metasurface with a curvature of 9 has the minimum peak gain of
10:3 dB and a beam width of 13. It also demonstrates a very slight shift in the
direction of the fan beam (0:5 shift of the fan beam for 9) towards the broadside
direction (y-axis) for lower radii of curvature. This reinforces the statement that the
surface waves are loosely bound as the radius of curvature decreases [38]. However,
these modulated metasurfaces have curvatures that are signicantly larger than the
operating wavelength; hence the change in the direction of the beam is negligible.
This demonstrates that the application of the lossy transmission line model to the
surface impedance modulation successfully predicts the characteristics of the radiated
fan beam amplitude pattern.
Fig. 7.5 displays the curved fabricated metasurface LWA designed to radiate at
15 GHz; exible substrate Rogers 3003 (r = 3) was used. The metallic strips were
printed and etched on the substrate, bent to a curvature of 22 and supported with
styrofoam to hold it in position. The antenna was fed using a coaxial cable via a
matching network. The metallic strips are 2:5 long. The realized gain patterns,
measured and simulated in the azimuthal plane are plotted in Fig. 7.6 and a very
good agreement is indicated. A fan beam is formed along  = 58, with a beamwidth
of 8:5 and a side lobe level of 7 dB lower than the maximum.
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Figure 7.3: Normalized Amplitude Patterns along Azimuthal Plane Using the
Analytical Model and Simulation at f = 15 GHz.
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Figure 7.4: Realized Gain Patterns of the Modulated Metasurfaces with Dierent
Radii of Curvatures and Radiating in the Same Direction at f = 15 GHz.
Figure 7.5: Fabricated Metasurface Leaky-wave Antenna.
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Figure 7.6: Comparison of Measured and Simulated Gain Pattern at f = 15 GHz.
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Chapter 8
CONCLUSIONS
This dissertation investigates the radiation characteristics of leaky wave antennas
derived by modulating the surface impedance of a regular high impedance surface.
The surface impedance modulation is facilitated by varying the size of the patches
placed on a dielectric covered ground plane. The surface impedance modulation
acts as a leakage to the surface waves enabling radiation of electromagnetic waves.
The surface impedance is modulated periodically to align the radiation in a specic
direction.
The sinusoidally modulated leaky wave antenna is designed by varying the widths
of electrically long metallic strips on a dielectric covered PEC. The structure is excited
with surface waves using a coaxial port that propagate in the transverse direction to
the length of the metallic strips. The impedance modulation parameters aid the for-
mation of a pencil beam and determine its angular direction and gain. The direction
of the pencil beam is shown to be dependent on the frequency of the propagating
surface waves and hence the beam can be steered, by varying the frequency, making
it a candidate for low-power RADAR applications. The surface impedance can be
modulated similar to a holographic interference pattern to align the pencil beam in a
desired direction. The Holographic Impedance Surface has a more directive radiation
pattern than other commonly used ground planes, such as PEC and AIS with equal
sized patches. The Holographic Impedance Surface can be operated either in a TM
or TE mode frequency band. There is no explicit limitation on the size of the ground
plane required to obtain the desired radiation pattern. There is only an available
range of impedance values within which the modulation can be accomplished. Vari-
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ation of the range of the surface impedance values inuences the gain of the pencil
beam radiation.
Using sinusoidal surface impedance modulation, a planar scalar impedance HAIS
was designed to form a pencil beam with high gain in a desired direction with a
desired polarization. It was shown that by varying the relative phase of the sinusoidal
modulation of the dierent regions of the HAIS, it is possible to obtain a desired
pencil beam with a desired polarization. Modied HAISs were designed to obtain a
pencil beam along a desired direction with linear and circular polarizations while the
surface was operated in TM-mode. The metasurfaces were constructed using simple
square patches. The designed metasurfaces were simulated using Ansys HFSS, and
the simulated and measured results were compared. A good agreement between the
two was indicated.
A comparative study of single and multi-layered sinusoidally modulated LWAs
was performed in terms of their scanning capabilities. Both structures were designed
to support propagation of the fundamental TM-mode surface wave. It is shown that
multi-layered sinusoidally modulated LWAs have a wider range of scan angles, than
single-layered sinusoidally modulated LWAs, that radiate in the same direction at a
given frequency. It is also shown that scan angle range increases with the number of
dielectric layers but decreases the peak gain of the fan beam.
An analytical model was developed to predict the behavior of modulated meta-
surface leaky wave antennas when they are circumferentially conformal to cylindrical
surfaces. The radiation loss due to the curvature, that leads to a poor aperture ef-
ciency is eectively modeled as a ctitious material loss of the dielectric substrate.
The unit cell of the antenna that has a metallic strip placed on a grounded dielectric
substrate is modelled as a lossy shorted transmission line with a lumped element con-
nected to it. The loss of the transmission line increases with reduction in the radius
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of curvature of the cylindrical structure. This predicts the tapering of the aperture
elds due to the curvature that results in widening of the fan beam and antenna
gain reduction. The performance of the model is validated using simulations and
measurements.
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Chapter 9
FUTURE WORK
Metasurface leaky wave antennas have been analyzed to obtain a desired radiation
pattern, possess polarization control of the radiated elds and retain scan angle range
expansion. The performance of these metasurfaces can be enhanced by:
 Improving Aperture Eciency: Amplitude control of the surface waves excited
by the monopole can be established to improve the aperture eciency of the
HAIS. It has been shown that the poor aperture eciency of the isotropic HAIS
is due to large tapering constant along the direction of propagation of the surface
waves. This tapering is attributed by
{ Radiation loss due to the surface impedance modulation.
{ Eciency of the source to excite surface waves on the dielectric covered
ground plane.
{ Dielectric losses in the substrate.
The radiation losses can be controlled using anisotropic pixels. The directional
surface impedance of each pixel renders an extra degree of freedom to control the
tapering constant of the surface waves along the direction of propagation. The
eciency of the source can be improved by using dierent excitation techniques
to generate surface waves at the interface. Finally, the prevention of using lossy
substrates would enhance the gain of the metasurface.
 Analyzing Conformal Metasurfaces: The lossy transmission model works well
for a radius of curvatures between 9 < R < 22. As the radius of curvature
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decreases further, the radiation from the surface is contributed from more than
one Floquet mode. Hence the modal variation of sinusoidal impedance modu-
lation with respect to the curvature shall be analyzed to accommodate LWAs
of small radii of curvatures. In addition to the study of circumferentially mod-
ulated metasurfaces, the properties of axial modulation of the metasurfaces can
be investigated for completion.
 Incorporating Tunability: Active metasurface leaky wave antennas can be de-
signed to incorporate tunability to the surface. Beam scanning in the elevation
plane is currently implemented by varying the operating frequency of the sur-
face waves. By using varactors between the patches, the capacitance between
the patches can be varied to obtain a tunable holographic interference pattern
that would enable beam scanning at a single frequency.
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